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Abstract
This project aims at establishing new research about protecting sensitive human beings from vibration syndrome. The
main application targeted here is the protection of patients undergoing the Magnetic Resonance Imaging test where noise
and vibration can cause severe damage to the test results. Stability and accuracy are very important issues in this medical
test. An active vibration isolation pad will be designed and manufactured in this research where the force of the vibrating
human body is measured and compensated to be fed back to a linear piezoelectric actuator to isolate the disturbing
source of vibrations from propagating into the patient’s body. This paper presents analytical and numerical models for the
vibration isolation system where the Integral Force Feedback control technique is applied. The results prove high
authority and robustness for this control technique especially on the first vibration mode.
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1. Introduction
There are two main components of the Magnetic
Resonance Image (MRI) scanner; the large and heavy
main magnet and the smaller and lighter gradient coil
placed inside the main magnet. The main magnet pro-
vides a strong magnetic ﬁeld (up to several Tesla), while
the gradient coil produces a weak magnetic ﬁeld. The
gradient coil is turned on and oﬀ very rapidly in a
speciﬁc manner to alter the main magnetic ﬁeld at a
very local level. Due to the strong main magnetic
ﬁeld, excessive Lorentz forces are produced that act
on the gradient coil (Evans, 2003). As a result, the gra-
dient coil vibrates. This produces undesired sound radi-
ation. Indirectly, the forces also cause vibrations in the
main magnet housing (receiver) to which the gradient
coil (source) is connected. As a consequence, the hous-
ing will also emit sound (Evans and Philbin, 2000).
Floor vibration can also cause small magnet
displacements that result in distortions or artifacts
on the scan image. MRI systems have large, massive
magnets that require high strength ﬂoors to accommo-
date the large concentrated ﬂoor load. Slab-on-grade
ﬂoors are inherently better than column-supported or
suspended slabs, because they have great bearing
capacity and the contact with the sub-ﬂoor soil or
compacted ﬁll damps the ﬂoor slab, so that it
exhibits little or no resonant ampliﬁcation of vibration
(Evans, 2004).
Many passive ways have been tested to reduce the
impact of vibration on MRI but most of these tech-
niques lead to relatively low damping ratios and insuf-
ﬁcient inﬂuence. To increase the isolation performance,
active techniques can be the best solution. Using active
suspension systems for the MRI system itself is costly
and diﬃcult. This is because of the very high mass of
the system that exceeds 5000 kg where, apart from
hydraulics, it is extremely diﬃcult to ﬁnd actuators
that can give this high force. The previous discussion
leads to the necessity of ﬁnding an isolation system for
the patient himself. Besides the fact that such a portable
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isolation pad can be transported with the patient to be
used in other medical treatment places (Standlee and
Begin, 2003).
Jaensch et al. (2007) discuss a technique to install an
MRI around the patient as a part of the pre-polariza-
tion system. This technique depends on applying a very
large magnetic ﬁeld in a short period. An experimental
test rig has been tested and modeled using Finite
Element modeling. The patent shown in Schubert
et al. (1994) presents a single-axis two degrees-of-free-
dom vibration isolation system based on using a stiﬀ
mount with a piezoelectric actuator and an intermedi-
ate passive soft mount. The control technique used in
the patent is diﬀerent from the one used in this paper.
They base their control on summing the signals mea-
sured on the velocity of the intermediate mass and the
displacement of the quiet payload. Nelson (1991) dis-
cusses another similar vibration isolation system but
this time it is based on using two soft mounts on top
of each other, using a soft voice coil actuator for the
purpose of active control. Wakui (2002) came out with
a new design of the vibration isolator. In this patent,
the author combines between the stiﬀ and soft mounts
in a hybrid system where the system uses a stiﬀ piezo-
electric actuator in series with another active soft
mount using an electromagnetic actuator. The control
technique in this system is dependent on using the
Proportionalþ IntegralþDerivative (PID) compensa-
tor for the two control loops. Le Letty and Claeyssen
(1998) present diﬀerent designs and assemblies of pie-
zoelectric actuators showing their manufacturing pro-
cedure and the FEMs. Hao (2008) discusses a passive
elastomeric vibration isolation pad designed to reduce
the inﬂuence of vibrations induced by the hand-held
machine tools to avoid Hand Arm Vibration
Syndrome (HAVs). Abu Hanieh (2008) depicts an
active vibration isolator for the application of vibration
isolation to prevent HAVs. The principle discussed here
is based on using a stiﬀ piezoelectric actuator with fre-
quency reduction technique using a Proportional plus
Integral (PI) controller. Mechefske et al. (2004) con-
tains a wide discussion about the study and character-
ization of the noise caused by the vibration of the
gradient coil in an MRI. This reference shows several
experimental results and FEMs. The suggested design
in this paper is based on using a stiﬀ mount with a
piezoelectric actuator in a series with a soft mount
of rubber. This design leads to having a vibration
isolator which is able to use the high eﬀorts of piezo-
electric actuators (700 Newton) to damp and isolate
disturbances at low frequency (3.5Hz). It is worth men-
tioning that using the Integral Force Feedback (IFF)
control technique leads to softening the structure which
reduces the cut-oﬀ frequency but this is accompanied
with the risk of weakness in carrying the static loads.
The most important diﬀerence between this design and
other designs shown in the literature is that the eﬀort of
vibration isolation is concentrated here on the pad
under the patient, which exerts relatively low forces,
instead of applying control to the extremely high
weight magnets. This fact means that this technique is
expected to be adequate for both internal and external
forces and disturbances propagating to the patient
because it depends mainly on isolating the disturbances
rather than damping them.
2. Design of the isolation pad
The main design of this medical vibration isolation pad
is based on dividing the whole pad into hexagons as a
honeycomb as shown in Figure 1. All hexagons are
attached to each other by a rubber sheet to allow ﬂex-
ible vertical movement of each hexagon separately in
keeping them attached horizontally. This honeycomb
conﬁguration allows for decoupling motions and the
decentralized control of each hexagon and reduces the
inﬂuence of the transverse motion. The suggested
model considers that the hexagons are completely sep-
arated from each other in terms of the vertical pumping
mode motion which leads to simplifying the control
technique and using a Single Input Single Output
(SISO) method. Any side to side contact between the
hexagons leads to improvements in the passive isolation
authority as the hexagons will be covered by an elasto-
meric material with a signiﬁcant passive damping con-
tent. One of the drawbacks of this design is the high
cost because the piezoelectric actuators and sensors are
expensive. According to the existence of high static
force piezoelectric actuators, the number of actuators
can be reduced in the pad to reduce the cost. Reducing
the number of actuators will be accompanied by
increasing the area of every hexagon supported by the
actuator. Increasing the area of the hexagon reduces the
frequency of the tilting and lateral vibration modes,
getting them close to the vicinity of the ﬁrst bounce
Figure 1. Hexagonal honeycomb configuration of the pad.
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mode. As these modes are normal to the piezoelectric
actuator and collocated sensor, they will be neither
observable by the sensor nor controllable by the actu-
ator. In this case, the only way to control these modes
will be to add new lateral actuators in each hexagon,
which is more complicated and more expensive than the
proposed solution. On the other hand, there will be
high coupling between these modes that leads to
losing the beneﬁt of the SISO system and requiring
more complicated Multiple Input Multiple Output
(MIMO) control techniques.
The cross-sectional view of the pad in Figure 2
shows the conﬁguration and installation of the active
struts inside the pad. Each active strut consists of a
piezoelectric linear actuator in collocation with a pie-
zoelectric force sensor, this active strut is mounted in a
series with a soft rubber to reduce the corner frequency
of the isolator. The active mounting will be installed in
parallel with a rubber elastomer to help in the static
stability of the system. The suggested control technique
is based on using a feedback loop with a simple inte-
grator. The system requires adding a high-pass ﬁlter at
low frequency to avoid the propagation of wandering
disturbance signals at low frequency and another low-
pass ﬁlter to prevent the system from the deteriorating
high frequency perturbations.
3. Modeling of the isolation pad
The pad is divided into separated hexagons where
each hexagon envelopes a circle with a diameter
of 150mm and a height of 100mm, as shown in
Figure 3.
Each hexagon is supported by an active strut in the
middle. The active strut consists of a piezoelectric actu-
ator and a piezoelectric force sensor. The strut is sup-
posed to carry and control vertical loads only, which
enables the diﬀerent hexagons to behave separately in a
decoupled and a decentralized manner. Figure 4 shows
a schematic representation of the active strut used for
active isolation where M represents the part of the
patient’s mass (load) carried by this part (hexagon) of
the pad, m stands for the mass of pad’s rubber inter-
mediate between the patient and the actuator, k and c
are the stiﬀness and damping coeﬃcients of the rubber
material used to fabricate the pad, respectively. The
extension stroke of the piezoelectric actuator is denoted
by d where the stiﬀness of the preloading spring of the
actuator is denoted by ka. F represents the reading of
the force sensor which is in reality the total force trans-
mitted through the active strut to the intermediate
rubber of the pad. The three displacements x, xm and
xd stand, respectively, for the displacement of the
patient, the displacement of the intermediate rubber
and the displacement of the ground caused by the dis-
turbance. The model represented schematically in
Figure 4 can be expressed in the block diagram
shown in Figure 5.
Taking into account the schematic representation in
Figure 4 and the block diagram in Figure 5 with the
Figure 2. Active struts installation and control technique.
Figure 3. Wire Computer Aided Design of a hexagon.
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speciﬁed notations, the system can be represented
mathematically by two second order linear diﬀerential
equations. The rubber mass of the pad is mounted on
the active strut and loaded by the patient can be gov-
erned by the equation:
m €xm þ kðxm  xÞ þ cð _xm  _xÞ  kaðxd  xmÞ ¼ ka ð1Þ
The human patient mounted on top of the elasto-
meric rubber can be represented by the following gov-
erning equation:
M €xþ kðx xmÞ þ cð _x _xmÞ ¼ 0 ð2Þ
Equations (1) and (2) can also be represented in
matrix form as follows:
m 0
0 M
 
€xm
€x
 
þ c 1 11 1
 
_xm
_x
 
þ k 1þ
ka
k 1
1 1
" #
xm
x
 
¼ ka
1 1
0 0
 
xd

 
ð3Þ
The output equation that represents the reading of
the force sensor reads:
F ¼ kaðxd  xm þ Þ ð4Þ
It is discussed deeply in Abu Hanieh (2009),
Preumont (2002) and Preumont et al. (2002) that the
IFF compensator ensures high stability and robustness
for similar control systems. The controller is built by
applying the IFF control technique on the system.
The signal measured by the force sensor is integrated,
multiplied by a gain g and fed back to the actuator.
The required actuator’s deﬂection d to overcome the
exerted motion can be estimated from the following
equation in Laplace form:
 ¼  g
ka
1
s
F ð5Þ
Or
 ¼  g
ka
1
s
kaðxd  xm þ Þ ð6Þ
Manipulating this equation leads to a direct relation-
ship between the deﬂection of the actuator and the rel-
ative displacement of the rubber motion to the ground
motion as a function of the controller gain g which
reads:
 ¼  g
sþ g ðxm  xd Þ ð7Þ
A low-pass ﬁlter can be added to the system at high
frequency to cut-oﬀ the high frequency undesirable dis-
turbances and to increase the high frequency attenua-
tion. On the other hand, a high-pass ﬁlter can be added
to the system at low frequency to prevent the system
from low frequency signals propagating into the system
and deteriorating the stability. This high-pass ﬁlter can
help in the low frequency rigidity too, but it leads to
Figure 4. Schematic representation of the active isolation
system.
Figure 5. Block diagram for the system.
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limitations in control authority where the system
becomes conditionally stable. The other solution is to
use a passive elastomer that helps in carrying the static
loads, but this will reduce the high frequency attenua-
tion from -40 dB/decade to -20 dB/decade due to
increasing the order of the numerator of the transfer
function. This attenuation decrease is solved by the
low-pass ﬁlter as mentioned before.
4. Simulation results
4.1. Finite Element Model (FEM)
An FEM for a single hexagonal cell of the system with-
out actuator has been simulated using CATIA
software.
The dynamic analysis has been performed by apply-
ing the same boundary conditions as the static analysis.
The ﬁrst vibration mode was found to be at 3.5Hz with
a pumping up and down vertical modal shape as shown
in Figure 6. This is considered the most dangerous
mode on which the control has the highest authority,
as there is only one actuator in the vertical orientation.
Nevertheless, the high frequency modes are inﬂuenced
by the control too.
The static analysis was taken by ﬁxing the boundary
walls of the hexagonal cell and applying a distributed
force equal to half the weight of a normal human being
(50 kg) on the surface. The static analysis showed that
the maximum displacement is expected to be in the
center of the hexagon with a static magnitude of
28.4mm, as shown in Figure 7. This also gives an indi-
cation of the maximum strain energy fraction that gives
the best location for the control actuator placement.
On the other hand, the stress analysis in Figure 8
shows that the maximum stress was 33.4 kPa at the
edges of the hexagon due to the stretch that occurs to
the rubber and tissue when loaded in static conditions.
Stress analysis shows that the maximum static force
required to withstand the load will not exceed 700
Newton in the worst case which is in the accepted
range for newly designed ampliﬁed piezoelectric actua-
tors. Remember that the weight of the patient has been
distributed on two hexagons only, while in reality it is
distributed more.
4.2. MATLAB Simulation
The isolation pad was modeled and simulated using
Matlab-Simulink software. The system is considered
Figure 6. First vibration mode from dynamic Finite Element
Model.
Figure 7. Maximum displacement from static Finite Element
Model.
Figure 8. Maximum stress from static Finite Element Model.
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as a two-stage suspension where the ﬁrst stage consists
of a piezoelectric actuator, force sensor and a light mass
representing the rubber of the pad. The second stage
represents the patient’s mass mounted on top of the
stiﬀness and damping of the rubber as shown in
Figure 4. Figure 9 shows the Frequency Response
Function (FRF) of the system between the actuator
displacement  and the force sensor reading F. This
FRF shows the natural frequencies of the system that
represent the vibration modes, with the ﬁrst mode at
21 rad/s (3.5Hz) and the second mode at 1000 rad/s
(161Hz). The ﬁrst mode is the most dangerous and
represents the vertical vibration that deteriorates the
patient’s body inﬂuenced by the propagating distur-
bance coming from the ground and the magnet through
the active system. The second mode, at high frequency,
represents the vibration mode of the stiﬀ mount calcu-
lated by the mass of the load and the stiﬀness of the
piezoelectric actuator. The open-loop transfer function
with the controller (integrator) connected in series is
depicted in Figure 10. A simple check for stability of
the system on the Bode plot shown in Figure 10 reveals
that the phase margin reaches up to 90 degrees, which
proves very high stability. Another check for the stabil-
ity of this control technique can be taken from the root
locus demonstrated in Figure 11. The root locus proves
that closing the feedback loop with the integrator as
a controller leads to unconditional stability. Figure 12
states the transmissibility FRF between the displace-
ment of the ground coming from the external distur-
bance and the displacement of the patient without
controller (dashed line) and with applying IFF control-
ler (solid line). This ﬁgure shows that the proposed
controller has a high performance and inﬂuence on
the transmitted vibrations by reducing the over-
shoot peaks in the vicinity of the natural frequencies
of the system without reducing the roll-oﬀ at high
frequency.
Figure 9. System Frequency Response Function (F/d). Figure 10. Open-loop Frequency Response Function (F/d) with
controller.
Figure 11. Root Locus diagram.
Figure 12. Transmissibility Frequency Response Function
between the ground displacement and the patient’s displacement.
2036 Journal of Vibration and Control 18(13)
Figure 13 shows the transient response in time
domain for the displacement of the patient’s body
x as inﬂuenced by the disturbance source xd once
without control (dotted line) and another time with
applying the IFF controller (solid line) in the vicinity
of the ﬁrst vibration resonance at 3.5Hz. Using the
IFF control technique leads to unconditional stability
that can be limited and turned to conditional stability
if a high-pass ﬁlter is used at low frequency. It is clear
that the time response is signiﬁcantly improved where
the system is settled down much earlier with control.
The inﬂuence of the disturbance source xd on the
deﬂection of the piezoelectric actuator  is depicted
in Figure 14. It is evident from this FRF that the
deﬂection is minimized at low frequency. In the vicin-
ity of the ﬁrst vibration mode it does not exceed -20
dB where the stroke required from the actuator equals
to 10% of the disturbance displacement. This proves
the possibility of using piezoelectric actuators with rel-
atively low strokes. The required stroke of the actua-
tor relative to disturbance increases with frequency,
which can cause limitation at high frequencies,
but this is not expected to cause a major problem
because the high frequency modes are not drastic.
On the other hand, the disturbance amplitude
decreases signiﬁcantly at high frequency. Reminding
that the FRF in the ﬁgure shows the ratio between
the disturbance and the deﬂection, it can be said that
the required actuator’s stroke is still reasonable.
Figure 14 also gives an indication of the force required
from the actuator to overcome the disturbance,
because the force of the piezoelectric actuator can
be calculated through multiplying the deﬂection by
the stiﬀness (Fa¼ ka ).
5. Conclusions
The foregoing research tackled the inﬂuence of
vibrations induced by the MRI on the patient and
imaging process. A glimpse of the previous eﬀorts of
other research groups has been discussed in brief show-
ing the importance of the topic. The desired system has
been modeled using two stage vibration isolation with a
piezoelectric actuator and soft intermediate passive
mount. The simplicity of the system leads to the
simplicity of the controller. A simple integrator was
applied to control the system where high authority
and robustness were guaranteed. The analytical model
was simulated using Matlab-Simulink software while
the FEM was simulated using Catia software. A good
match is found between the two models focusing on the
ﬁrst pumping vibration mode because there is a wide
frequency gap between the ﬁrst and the second mode.
So far, the system has been veriﬁed by modeling and
simulation only. In the near future, the system will be
presented by an experimental prototype and some prac-
tical results will be obtained and compared to the the-
oretical and analytical work done in this paper. After
testing one cell, a complete pad set-up will be tested and
studied to check the possibility of controlling each cell
separately and to test the decoupling idea stated before.
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